Ninety-day-old hooded male rats were anaesthetised with an intraperitoneal injection of a mixture of xylazine and ketamine and had their right eyes removed. Groups of non-enucleated control and enucleated rats were killed at either 150 or 390 days of age by intracardiac perfusion with fixatives. Stereological methods were used to estimate the synapse-to-neuron ratios within the stratum griseum superficiale (SGS) layers of both the ipsi-and contra-lateral superior colliculi. The enucleation had no significant effects on this ratio irrespective of the side or age of the brains examined. This experiment shows that a constant synapse-to-neuron ratio may be maintained within the SGS layer of the rat superior colliculus despite the inevitable loss of synaptic contacts due to the anterograde transneuronal degeneration initiated by the enucleation.
Introduction
Unilateral eye enucleation of rats or mice during infancy or adulthood is known to have morphological effects on the visual centers of the brain. These effects are thought to be greatest in the side of the brain contralateral to the enucleated eye. This is not surprising as in adult rats and mice it is estimated that between 90 and 97% of the ganglion cell axons cross over at the optic chiasma [1, 2] . There have been a number of studies of the morphology of the superior colliculi in rodents enucleated at or soon after birth [3 -9] . These studies have provided valuable insights into the growth and development of the brain. They have shown that several different aspects of a given visual center may suffer degenerative changes following enucleation. These degenerative changes include, deficits in the volume of the superior colliculus contralateral to the enucleated eye [3, 4, 6, 10, 11] , changes in neuronal nuclear and soma sizes [3, 9, 10] , alterations in the numerical densities of neurons [3, 10] , changes in the ratios of different types of synaptic contacts [5, 56] , and altered synapse-to-neuron ratios [12] .
The majority of these above-mentioned studies have examined the effects of enucleation in neonatal rodents. During the first postnatal week in these animals the visual system is still in the early stages of development. The normal developmental processes taking place at this time include the loss of a large number of the retinal ganglion cells that were originally present at birth [8, [13] [14] [15] [16] [17] , and synaptogenesis within the various visual centers [5, 6, 12, 56] . By the end of the first week of development there is evidence of the beginnings of the myelination process of retinal ganglion cell axons [16, 18] with a small proportion of them myelinated by this stage. Eye enucleation during this early postnatal period may be expected to have a profound influence on these normal developmental processes and, in turn, on the final morphological appearance of the visual centers. However, in adulthood these developmental processes are largely complete. It can therefore be predicted that the response to enucleation during adulthood may well produce different types of changes in the visual centers than those induced by enucleation during early postnatal life. The morphological consequences of enucleation during adulthood have been reported by several previous researchers [10,19 -24] . Of particular note, is the study by Lund and Lund [5, 56] which examined synapses in the visual centres. They examined the superior colliculi of rats which had their eyes removed as adults and were killed either 14 days or after a 'long survival period' following the enucleation. They estimated the ratios of synapses containing flat (F) or spheroidal (S) vesicles. They found that there was a 'reinervation' of synaptic sites vacated by degenerating axon terminals [25] [26] [27] [28] [29] with 'an incomplete return towards a normal proportion of synaptic types'. They suggested that these ratios may reflect a balance of extrinsic and intrinsic contacts or of excitatory and inhibitory contacts. Lund and Lund [5, 56] did not carry out any systematic counts of the numbers of synapses in both the contra-and ipsi-lateral colliculi. Indeed none of the authors mentioned above have provided estimates of the possible changes in the degree of interneuronal connectivity brought about by a removal of an eye in the adult rats. Such estimates may provide considerable information concerning the reorganisation possible in neuronal systems. An estimate of the average number of synapses associated with each neuron (i.e. synapse-to-neuron ratio) can be regarded as an index of interneuronal connectivity [30, 31] .
The present study has examined the effects of unilateral eye enucleation carried out during adult life on the synapse-to-neuron ratio of the stratum griseum superficiale (SGS) layer of both the ipsi-and contra-lateral superior colliculi. This layer was chosen for study as it is known to receive a major input from the retinal ganglion cell axons of the contralateral eye [1, 2] . It was hypothesised that the enucleation and the consequential neuronal cell loss [32] would cause significant synaptic reorganisation in this layer. It was predicted that this would result in measurable differences in the synapseto-neuron ratio in the superior colliculi. It was further hypothesised that the extent of this reorganisation would be different between the ipsi-and contra-lateral sides of the brain. A complete understanding of the reorganisation of the synaptic contacts following enucleation may help to elucidate some of the mechanisms involved in neuronal and synaptic plasticity [33] known to exist in the brain.
Materials and methods

Animals
Ninety-day-old male black and white hooded lister rats were randomly assigned to either enucleated or control groups. The rats in the enucleated group were anaesthetised by an intraperitoneal injection consisting of 0.1 ml/kg body weight of a 50/50 (v/v) mixture of ketamine (100 mg/ml; Apex Laboratories, Sydney, Australia) and xylazine (20 mg/ml; Coopers Animal Health, Sydney, Australia). These rats had their right eyes removed by carefully cutting the extrinsic muscles and connective tissue surrounding the eyeball and finally severing the optic nerve just behind the optic disc. The animals were allowed to recover from the anaesthetic under the warmth of an illuminated 100 W lamp. Enucleated rats and non-enucleated controls were kept separately from each other in standard rat cages with no more than three rats per cage. These were located in a room maintained on a 12 h light/12 h dark cycle. All rats were allowed food and water and libitum throughout the experiment.
Tissue preparation
Samples of both enucleated and non-enucleated control rats were killed at either 150 or 390 days of age. This was carried out by re-anaesthetising the rats, and perfusing them, via the left ventricle, with a few mls of isotonic saline followed immediately by about 200 ml of a fixative containing 1.25% glutaraldehyde and 2% paraformaldehyde in a 0.067 M sodium cacodylate buffer. This was followed by perfusion with 200 ml of a second fixative containing 2.5% glutaraldehyde and 4% paraformaldehyde. The brains of the rats were dissected out and the superior colliculi from both sides of the brain were removed and stored in a few mls of the second fixative for a further 24 h. The colliculi were then washed in several changes of cacodylate buffer, post-fixed in 1% osmium tetroxide for 2 h, stained 'en bloc' with 5% uranyl acetate, dehydrated in a series of ethanol solutions and embedded in resin. The colliculi were embedded in an orientation which allowed coronal sections to be produced through their entire depth.
Estimates of the numerical densities of neurons and syanpses (and hence synapse-to-neuron ratios) were made in the stratum grieseum superficiale (SGS) of both the right and left colliculi from control and enucleated rats at each of the age groups examined. No attempt was made to differentiate between the SGS and stratum zonale (SZ) layers. The SZ is extremely thin with respect to the SGS and it is often difficult to distinguish between these two layers with any degree of confidence. The boundary between the SGS layer and the deeper stratum opticum (SO) was distinguished by the fact that the SO has many more rostrocaudal directed myelinated fibres than are present in the SGS [34] .
Estimation of the numerical density (N6 n ) of neurons and mean diameter (D n ) of neuronal nuclei in the SGS
Estimates of the numerical density of neurons in the SGS were made using the disector method [35] in both the right and left colliculi from eight control and eight enucleated rats in each age group examined. The blocks of tissue were cut to yield pairs of consecutive serial sections of a nominal thickness of 3 vm. Although the plane from which these sections were cut was coronal, the location of the sections within the available tissue was random. The sections were stained with 1% toluidine blue as before. The mean 9S.D. thickness of a random selection of such sections was determined by a re-embedding and re-sectioning technique [36, 37] and found to be 2.6090.54 vm.
The boundary between the SGS layer and the deeper stratum opticum (SO) was distinguished by the fact that the SO has many more rostrocaudal directed myelinated fibers than are present is the SGS [34] . Enucleation caused a loss of many of the neurons in the SGS and a marked diminution of its thickness [32] in the contralateral side of the brain. However, it was still possible to determine the approximate location of the rostrocaudally directed fibers and hence the boundary between the SGS and SO in these animals. No attempt was made to differentiate between the SGS and the more superficial stratum zonale (SZ). The SZ is extremely thin with respect to the SGS (even within the enucleated animals) and it is often difficult to distinguish between these two layers with any degree of confidence.
The sections were viewed with an Olympus BH2-RFCA microscope equipped with a video camera linked to a computer fitted with a frame grabber. This was set up such that images of both sections in any given pair could be viewed simultaneously on two identical television monitors. The screen of each monitor was marked to display a rectangular test frame slightly smaller than the screen. The area (a) of tissue this test frame represented was accurately determined with the aid of a stage graticule and was found to be 0.0062 mm 2 . Neurons were distinguished from glial cells using morphological criteria described by Ling et al. [38] . Neuronal nuclei were used as the counting unit; it was assumed that all neurons in this brain region are uninucleate. All counts were carried out in the test area and using the 'forbidden line' rule [39] .
The disector method [35, 40] involves counting the number (Q − ) of particle profiles which appear in one section ('test section') but not in an adjacent parallel serial ('look-up') section whose vertical distance (h) from the test section is known. If consecutive serial sections are used (as was done in the present study), this vertical distance is equal to the section thickness (t). In the present study the counting efficiency was increased by using each section in turn first as a 'test' section and then as a 'look-up' section. A total of 20 pairs of fields of view within the SGS layer of the sections were selected at random from each colliculus for these counting procedures.
The formula used to estimate the numerical density of neuronal nuclei (and hence the neurons) was:
n is the number of neuronal profiles appearing in the test sections but not in the look-up sections; a, the total area of test section examined and h, the mean distance between the test and look-up sections. When consecutive serial sections are used, as was the case in the present study, 'h' is equivalent to the section thickness (t). It was also possible to estimate the mean projected height of the neuronal nuclei using the following formula [35] :
is the total number of neuronal profiles appearing in the test area of the test sections. For spherical particles the mean projected height is equal to the mean diameter (D) of the particles [41] .
Estimation of the numerical density (N6 s ) and mean diameter (D s ) of synapses within the SGS layer
The blocks of tissue were trimmed further such that only the SGS layer was left within the remaining blockface. Pairs of ultrathin consecutive serial sections with a silver interference colour were cut and picked up on formvar-coated slot grids. The sections were stained with uranyl acetate and lead citrate and examined with a Zeiss 10 A electron microscope operated at an accelerating voltage of 60 kV. Areas of tissue within these sections were chosen at random and photographed at a magnification of ×5000 using Kodak 10.2× 8.3cm electron microscope plates (Eastman Kodak, Rochester, NY). Convenient landmarks (such as blood vessels) within the sections were used to locate the same region in the consecutive serial section and this was also photographed as before. This process was repeated until there were three pairs of electron micrographs for each block. All micrographs were then printed to a final magnification of × 29700 on large (40.6×50.8 cm) sheets of photographic paper (Eastman Kodak) A photomicrograph of a cross grating replica containing 2160 lines/mm was used as a magnification standard. This protocol ensured that a total of between : 1200 and 1400 vm 2 of tissue was analysed from each block. The disector method was used to determine estimates of the numerical densities of synapses. Paramembranous thickenings were used as the counting unit for synapses [31, 42, 43] . No attempt was made to distinguish between asymmetric and symmetric synapses. Pairs of electron micrographs, prepared as previously described, were examined together. Each electron mi- Fig. 1 . Electron micrographs of tissue from the SGS layer of a normal rat superior colliculus. The two micrographs, A and B were taken from the same region in two separate consecutive serial sections at the same magnification. They demonstrate the counting procedures employed to estimate the numerical densities of synapses using the 'disector' method. The arrow heads show examples of synaptic membrane thickening profiles which appear in one section but not in the adjacent serial section. The counting frame is marked on each micrograph; the broken line on this frame represents the 'forbidden line (see Section 2).Scale bar = 1 vm.
crograph was superimposed with a rectangular test area slightly smaller than the area of the micrograph. The 'forbidden line' rule [39] was applied in all counting procedures. Counts were made of the total number of profiles of paramembranous thickenings appearing in each micrograph (Q s + ) and the number of such profiles appearing in one micrograph but not the corresponding micrograph (Q s − ). Once again each micrograph was used, first as the test section and then as the 'look-up' section (see Fig. 1 ).
The mean thickness of the ultra-thin sections was calculated using the 'small-fold' technique [44] . In this study the mean9 S.D. thickness of the ultrathin sections was 709 12 nm.
Estimates of the numerical density of synapses (Nv s ) were obtained by using the formula [35] :
where a is the total test area examined for a given colliculus and t is the mean thickness of the test sec- Table 1 The 
Values for the mean diameters of the paramembranous densities (D s ) were calculated assuming that they are disc shaped using the formula [41] :
Synapse-to-neuron ratios
Synapse-to-neuron ratios were calculated by dividing the estimate for the numerical density of synapses by the estimate for the numerical density of neurons for any given superior colliculus.
Statistics
The data was analysed by analysis of variance (ANOVA) procedures with enucleation (ie enucleated or non-enucleated), side (ie left or right) and age (i.e. 150 or 390 days old) as the factors. All analyses were carried out using a MINITAB v8.2 (Minitab, PA) statistical package on an IBM-clone personal computer.
Results
Numerical density of neurons in the SGS layer
The 150-day-old non-enucleated and enucleated rats had an average of about 64000 -71000 neurons/mm 3 in the SGS layer of both right and left superior colliculi (Table 1 ). This value was somewhat smaller in the 390-day-old rats where it ranged from about 55000-60000 neurons/mm 3 . This difference was reflected in the two-way ANOVA of the data which showed a significant effect of age but no other significant main effects or interactions (Table 1) .
Mean neuronal nuclei diameter
The mean nuclear diameter of the neurons in the SGS layer ranged between : 8.3 and 9.7 vm for all the colliculi examined. Two way ANOVA procedures on this data showed no significant main effects or interactions (Table 2) . 
Synaptic disc diameter (D s )
The mean synaptic disc diameter of the synapses within the SGS layer was about 370 nm in both the right and left colliculi of 150 day old non-enucleated control rats (Table 4) . By 390 days of age the size had increased to between : 380 -490 nm ( Table 4 ). The 150 day old rats enucleated at 90 days of age had mean synaptic disc diameters which ranged from about 290-330 nm. By 390 days of age these had increased such that the diameter within the left colliculi (i.e. contralateral to the enucleated eye) was about 390 nm whereas for the right side it was about 490 nm (Table 4 ). These differences were reflected in the twoway ANOVA which showed a significant effect of age as well as a significant first order interaction between enucleation and side as well as a significant second order interaction between enucleation, side and age (Table 4) .
Synapse-to-neuron ratio
There was an average of between 8500 and 10900 synapses/neuron in the SGS layers of all the colliculi examined in this study. Two-way ANOVA of this data revealed no significant main or interaction effects (Table 5 ).
Discussion
Our experiments have shown that unilateral eye enucleation during early adulthood does not alter the synapse-to-neuron ratio within the SGS layer of the rat superior colliculus either ipsi-or contra-lateral to the enucleated eye. There was an average of about 8500-10800 synapses present for each neuron irrespective of the group of animals examined. The coefficient of vari- Table 5 The mean 9SEM synapse-to-neuron ratios within the SGS of the right and left superior colliculi of both age groups examined we therefore conclude that new synapses must have been formed following the enucleation. This new synapse formation must have occurred fairly rapidly as the rats examined just 60 days after the enucleation had synapse-to-neuron ratios which were not significantly different from controls. This demonstrates a remarkable degree of plasticity within this brain region even within adult rats. The physiological response of neurons in the SGS layer to unilateral enucleation has been studied in rats in the period immediately after enucleation [47] . However, there appear to be few (if any) studies which have examined the detailed physiological characteristics of such neurons in adults rats which have been given a lengthy period of time to form and stabilise new synapses following the enucleation procedure. As this new synapse formation cannot be related to vision from the enucleated eye, the functional significance of this response remains uncertain. It is possible that the other afferent inputs to the affected colliculus could expand their terminal synaptic fields and thereby improve their functional efficacy. It is also possible that the additional synapses formed play a role in determining the extent of neuronal survival following the enucleation.
Evidence of the formation of new synapses following deafferentiation is not a new phenomenon. A number of studies published by Raisman and his associates [25] [26] [27] [28] [29] described experiments where they carried out deafferentiation of either the superior cervical ganglion or the septal nuclei in adult rats. They showed that in both these cases there was a reinervation of the denervated postsynaptic sites. However, in the ganglion it was the originally severed axons which formed the new synapses (i.e. regeneration) whereas in the septum the new synapses arose from local undamaged axons. In our present experiments any new synapses formed must have come from local undamaged axons.
The only other report which has presented data on synapse-to-neuron ratios in the rat superior colliculus following unilateral enucleation was that by Mackay and Bedi [12] . In this previous study [12] unilaterally enucleated rats on the day of birth and killed them for examination 39 days later. They found that there was a decrease in the synapse-to-neuron ratio within the superior colliculus contralateral to the enucleated eye but an increase in the ipsi-lateral colliculus compared to nonenucleated controls. However, the results of this previous experiment cannot be compared directly with those of the present study because of the age differences of the rats at the time of enucleation in the two studies. There are considerable changes which take place in the rat visual system during the first few days after birth. These changes include the 'normal' loss of a large number of the retinal ganglion cells and their associated axons within the optic nerves [8, 17] , the myelination of ation (standard deviation expressed as a percentage of the mean) ranged between about 20 and 32%. We believe that the source of much of this variance was due to biological differences between individuals within the groups rather than due to variances introduced due to the sampling strategies adopted [45] . The number of animals examined in each group ensured that the precision or coefficient of error (standard error expressed as a percentage of the mean) was at, or below, a value of about 10% for all estimates of the synapse-to-neuron ratio.
The major source of fibers entering the SGS of a given superior colliculus is from the retinal ganglion cell axons of the contralateral eye [1, 2] . We have already shown [32] that the same rats as used in this study lose about 40% of the neurons in this brain region as a result of the enucleation, presumably by a process involving anterograde transneuronal degeneration [46] . The loss of these neurons must have been inevitably associated with a concomitant loss in both their afferent and efferent synaptic connections. Despite this loss of synapses, the eventual synapse-to-neuron ratio was, as indicated above, not significantly different from that observed in control rats. This implies that the neurons which survived the enucleation, either, do not receive any of their input from the enucleated eye and from the neurons which were lost as a result of the enucleation, or formed sufficient new synapses to enable them to maintain a consistent synapse-to-neuron ratio. To us it seems that the former of these possibilities is unlikely so the axons within the optic nerves [16, 18] and extensive synaptogenesis within the various visual centers including the superior colliculi [5, 6, 12, 48, 56] . These processes have largely been completed by adulthood. There is therefore no reason to expect that the changes induced by enucleation at birth would be the same as those observed when the enucleation is carried out in adult life.
Albers [49] have also published a study of the synapse-to-neuron ratios in the SGS layer of the superior colliculus, but have only examined normal intact adult rats and have not studied the effects of unilateral enucleation. They estimated that there was an average of about 8,000 synapses-per-neuron in their animals. This figure is comparable to the 9500 -10500 synapseto-neuron ratio obtained for the non-enucleated control animals in our present study.
We [32] have already shown that unilateral enucleation caused an extensive loss in the volume of the contralateral SGS layer. However, despite this, the numerical density of neurons within the SGS layer was unaffected by enucleation. This finding is at variance with the study reported by Tsang [10] . He reported an increase in neuron density within the SGS of the superior colliculus contralateral to the enucleated eye 3 months after enucleation in adulthood. Tsang [10] argued that this increase in neuronal density was due to a reduction in volume of the neuropil, bringing the neuronal cell bodies closer together. This argument assumes that the enucleation caused little or no loss in neuron numbers, an assumption which we [32] find to be unwarranted.
Goldby [21] examined a human lateral geniculate body almost 40 years after the loss of one eye. He found that the numerical density of neurons within the deafferented layers of the lateral geniculate were unaffected despite the loss of almost half of the neurons within these layers. Our own present findings support this observation. However, other investigators, working with cats and rabbits [20] or monkeys [22, 23] have found a decrease in the numerical density of neurons within deafferented visual centers following eye enucleation. The exact reasons for these discrepancies are unknown at present but may be related to inter-species differences.
In our present study we could not find any differences in the mean diameters of the neuronal cell nuclei as a result of the enucleation compared to control animals although such a finding has been reported by other researchers [46] . Our estimates of mean neuronal nuclear diameter are in close agreement with other published data [12, 34, 50] .
The mean numerical density of synapses estimated in the present study ranged between about 5. [51] and Mathers et al. [52] on the rabbit superior colliculus. The exact reasons for these discrepancies are unclear but may be related to differences in the stereological methods used in the various studies [50] .
Previous investigators have shown alterations in synapse morphology as a result of eye enucleation [5, 56] . These alterations included a change in the ratio of synapses with 'spherical' to 'flat' shaped vesicles within the superficial layers of the rat superior colliculus. In the present study we have not attempted to classify synapses on the basis of the shape of the synaptic vesicles as these can be altered by manipulation of the osmolarity of the fixatives during the preparatory procedures [53, 54] . Furthermore, we did not try and distinguish between symmetric and asymmetric synapses. In our experience we have found that when high magnification electron micrographs (such as those provided by Refs [5, 55, 56] ) of synaptic profiles specifically selected for clearly defined synaptic cleft membranes are examined it is possible to distinguish between asymmetric and symmetric synapses. However in randomly taken micrographs, where many of the paramembranous densities have been sectioned at oblique angles, it is often difficult to classify unequivocally many of the profiles into a given synaptic type. However, in the present experiments we found some statistically significant changes in the estimated synaptic disc diameters as a result of both increasing age and the enucleation. The signifcant first order interaction observed between enucleation and side (Table 4 ) may well reflect a differential response in the two superior colliculi to the enucleation of the right eye as would be expected from the known distribution of retinal axons from a given eye [2] . These changes in synaptic disc diameter may have been the net result of the initial loss of a proportion of the synapses and the subsequent formation of new synapses during the period following enucleation. The newly formed syanapses may well have membrane densities of differing diameters to that which had existed previously. It may also be due, partially, to a possible alteration in the relative proportions of symmetric and asymmetric synapses which may inherently be of differing sizes. It was also of interest to note that the synaptic disc diameters showed significant changes in size with increasing age of the animals and a significant second order interaction between side, enucleation and age. This indicates that the interaction between side and enucleation may itself differ depending on the age of the animals The exact reasons and functional significance for these changes in size are unknown. Our present estimates of synaptic disc diameters are in reasonable agreement with figures previously published by MacKay and Bedi [12] , Fukui and Bedi [50] , Albers et al. [34, 49] .
In conclusion, our results show that unilateral eye enucleation in early adulthood does not cause a significant change in the eventual synapse-to-neuron ratio within the SGS layer of the superior colliculi. This is despite the fact that we have previously shown that there is a substantial loss of neurons and reduction in SGS layer volume in these same animals as a result of the enucleation [32] . It can be speculated that these results indicate that neurons of a given type may be inherently capable of supporting a given number of synaptic contacts. Neurons which survive the effects of deafferentation may do so because they have been able to form sufficient new synapses to restore their normal potential synaptic connectivity even though these new synaptic contacts may come from inappropriate sources or go to inappropriate targets. The exact functional significance of such changes remains unknown.
